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COMPARISONS OF FLIGHT MEASUREMENTS WITH PREDICTIONS FROM AEROELASTIC MODELS I N  THE 

NASA LANGLEY TRANSONIC DYNAMICS TLINNEL 

Wilmer H .  Reed I 1 1  
NASA Langley Research Cen te r  

Hampton, V i r g i n i a  2 3 6 6 5 ,  U.S.A. 

SUMMARY 

The NASA Langley Transon ic  Dynamics Tunnel ,  which h a s  a v a r i a b l e  d e n s i t y  
Freon-12 (or a i r )  test medium, was des igned  s p e c i f i c a l l y  f o r  s t u d y  of 
dynamics and a e r o e l a s t i c  problems o f  ae rospace  v e h i c l e s .  Dur ing  t h e  15  y e a r s  
of o p e r a t i o n  of t h i s  f a c i l i t y  t h e r e  have been v a r i o u s  o p p o r t u n i t i e s  t o  com- 
p a r e  wind-tunnel  and f l i g h t - t e s t  r e s u l t s .  Some o f  t h e s e  o p p o r t u n i t i e s  a r i s e  
from r o u t i n e  f l i g h t  checks of t h e  p r o t o t y p e ,  o t h e r s  from c a r e f u l l y  des igned  
compara t ive  wind-tunnel  and f l i g h t  expe r imen t s .  T h i s  pape r  b r i n g s  t o g e t h e r  
i n  one p l a c e  a c o l l e c t i o n  of such d a t a  ob ta ined  from v a r i o u s  p u b l i s h e d  and 
unpub l i shed  s o u r c e s .  The t o p i c s  covered a r e :  g u s t  and b u f f e t  r e s p o n s e ,  
c o n t r o l  s u r f a c e  e f f e c t i v e n e s s ,  f l u t t e r ,  and a c t i v e  c o n t r o l  of a e r o e l a s t i c  
e f f e c t s .  Some h e n e f i t s  and shortcomings of Freon-I2 a s  a t e s t  medium a r e  
also d i s c u s s e d .  Although areas of u n c e r t a i n t y  are e v i d e n t  and t h e r e  i s  a 
c o n t i n u i n g  need f o r  improvements i n  model s i m u l a t i o n  and t e s t i n g  t e c h n i q u e s ,  
t h e  r e s u l t s  p re sen ted  h e r e i n  i n d i c a t e  tha t  p r e d i c t i o n s  from a e r o e l a s t i c '  model 
tests are. i n  g e n e r a l ,  s u b s t a n t i a t e d  by f u l l - s c a l e  f l i g h t  tests. 

INTRODUCTION 

S i n c e  1960. t h e  NASA Langley Transon ic  Dynamics Tunnel has  se rved  a s  a N a t i o n a l  f a c i l i t y  devoted 
e x c l u s i v e l y  t o  work on dynamics and a e r o e l a s t i c i t y  problems of a i r c r a f t  and s p a c e  v e h i c l e s  i n  t h e  t r a n s o n i c  
speed r ange .  An e s s e n t i a l  d i f f e r e n c e  between t h i s  wind t u n n e l  and t h o s e  employed p r i m a r i l y  i n  s t e a d y - s t a t e  
aerodynamic i n v e s t i g a t i o n s  stems from t h e  s c a l i n g  r equ i r emen t s  which must be s a t i s f i e d  i n  a e r o e l a s t i c  model 
s t u d i e s .  For example,  i n  a d d i t i o n  t o  t h e  need f o r  adequa te  s i m u l a t i o n  of t h e  aerodynamic f low f i e l d  abou t  
t h e  model,  i t  is a l s o  necessa ry  t h a t  t h e  model' s t i f f n e s s ,  mass ,  and i n e r t i a  p r o p e r t i e s  s i rnulace t h o s e  of tht ,  
f u l l - s c a l e  s t r u c t u r e  and t h a t  t h e  r a t i o  of s t r u c t u r a l  d e n s i t y  t o  test-medium d e n s i t y  be t h e  same for  model 
and f u l l  s c a l e .  To a i d  i n  s a t i s f y i n g  t h e s e  r equ i r emen t s ,  t h e  Langley T r a n s o n i c  Dynamics Tunnel u s e s  a 
v a r i a b l e  d e n s i t y  t e s t  medium of e i t h e r  a i r  or Freon-12. The pr imary t e s t  medium, Freon-12, is f o u r  t imes  
as d e n s e  as a i r  and h a s  a speed o f  sound about  one-half  t h a t  of a i r ,  t h u s  e n a b l i n g  h e a v i e r  and less 
e x p e n s i v e  models t o  b e  used a s  w e l l  a s  r educ ing  t h e  tunne l  power r equ i r emen t s .  Some main f e a t u r e s  of t h e  
f a c i l i t y  a r e  i n d i c a t e d  i n  F i g u r e  1. 

Experimental  a e r o e l a s t i c  r e s e a r c h  a l s o  imposes demanding r equ i r emen t s  f o r  s p e c i a l i z e d  t e s t i n g  t echn i -  
ques .  A r ev iew of s u c h  t e s t i n g  t echn iques  developed by t h e  s t a f f  of t h e  Langley T r a n s o n i c  Dynamics Tunnel 
f o r  u s e  i n  s t u d i e s  o f  v a r i o u s  s t a b i l i t y .  c o n t r o l ,  and r e s p o n s e  c h a r a c t e r i s t i c s  of e l a s t i c  a i r c r a f t  i s  
g lven  in Refe rence  1. 

From t i m e  t o  t ime  d u r i n g  t h e  15-year pe r iod  of o p e r a t i o n  of t h i s  f a c i l i t y  t h e r e  have been v a ~ i o u s  
o p p o r t u n i t i e s  t o  compare t h e  r e s u l t s  from wind-tunnel and f l i g h t  t e s t s .  Some of t h e s e  o p p o r t u n i t i e s  a r i s e  
from r o u t i n e  f l i g h t  checks  of the  p r o r o t y p e ,  o t h e r s  P r o n i  c a r e f u l l y  des igned  compara t ive  wind-tunnel  and 
f l i g h t  expe r imen t s .  T h i s  paper  b r i n g s  t o g e t h e r  i n  one i l l ace  a c o l l e c t i o n  of such d a t a ,  gleaned fiom v a r i -  
ous pub l i shed  and unpub l i shed  s o u r c e s ,  f o r  t h e  pu rpose  of a d d r e s s i n g  t h e  q u e s t i o n :  
s c a l e d  a e r o e l a s t i c  models ,  t e s t e d  i n  a Freon-12 wind-tunnel  environment ,  p r e d i c t  t h e  behav io r  of I -heir  
f u l l - s c a l e  c o u n t e r p a r t s  i n  f l i g h t ?  To t h i s  end w e  f i r s t  c o n s i d e r  some advan tages  and shortcomings of 
Freon-12 a s  a wind-tunnel  t e s t  medium and then  p r e s e n t  s e l e c t e d  comparisons between wind-tunnel  arid f l i g h t  
t e s t s  i n  areas r e l a t i n g  t o  dynamic r e s p o n s e ,  s t a t i c  d e r o e l a s t i c i t y ,  f l u t t e r ,  and a c t i v e - c o n t r o l s  r e s e a r c h .  

AIR-FREON COMPARISONS 

How w e l l  c an  dynamical ly  

Before comparing test r e s u l t s  o b t a i n e d  i n  t h e  Langley Transon ic  Dynamics Tunnel w i t h  f l i g n t  d a t a ,  a 
few comments a r e  i n  o r d e r  on a i r -F reon  d a t a  comparisons s i n c e ,  by f a r ,  t h e  m a j o r i t y  of t e s t s  c o n d w t e d  i n  
t h i s  f a c i l i t y  make u s e  o f  a Freon-12 test medium. ( A i r  c an  a l s o  be used a s  a test medium.) Freorr-12 has  
s e v e r a l  c h a r a c t e r i s t i c s  which make i t  a v e r y  a t t r a c t i v e  test medium f o r  s c a l e d  dynamic model s t u d i e s .  
Some of t h e  more impor t an t  p r o p e r t i e s  a t  a tmosphe r i c  p r e s s u r e  and t empera tu re  a r e  compared w i t h  t h o s e  of 
a i r  i n  Tab le  I.  The most advantageous c h a r a c t e r i s t i c s  are t h e  high d e n s i t y  and l o w  speed of sound of 
Freon-12 r e l a t i v e  t o  a i r  a t  t h e  same p r e s s u r e  and t empera tu re .  The r e l a t i v e l y  low speed of sound i s  s i g n i f -  
i c a n t  f o r  s e v e r a l  r e a s o n s .  For dynamic model tests i n  which t h e  reduced f r equency  s c a l i n g  parameter  
idh 

f r e q u e n c i e s  and,  consequen t ly ,  s i m p l i f i e s  i n s t r u m e n t a t i o n  problems and r e d u c e s  i n e r t i a  l o a d s .  For t e s t s  
i n v o l v i n g  r o t a t i n g  h e l i c o p t e r  b l a d e s  where model and f u l l - s c a l e  t i p  Mach numbers must b e  t h e  same, t h e  
s t r e s s e s  and hence t h e  d i f f i c u l t i e s  o f  f a b r i c a t i o n  are reduced .  For f l u t t e r  and o t h e r  dynamic tests, where 
t h e  r a t i o  of s t r u c t u r a l - d e n s i t y  t o  test-medium d e n s i t y  must b e  t h e  same f o r  t h e  model a s  t h e  a i r p l a n e ,  
t h e  more d e n s e  Freon-12 p e r m i t s  h e a v i e r  models t o  b e  c o n s t r u c t e d ,  Th i s  is a d i s t i n c t  advan tage  c o n s i d e r i n g  
t h e  d i f f i c u l t y  of f a b r i c a t i n g  models  l i g h t  enough t o  s i m u l a t e  t h e  mass c h a r a c t e r i s t i c s  of a i r c r a f t  d e s i g n s  
w i t h  composi te  s t r u c t u r e s  and a c t i v e  c o n t r o l s ,  o p e r a t i n g  a t  h i g h  speeds  and low a l t i t u d e s .  
Freon-12 as a t e s t  medium allows t h e  s imul t aneous  s a t i s f a c t i o n  o f  both Mach number and Froude number f o r  
t h o s e  i n s t a n c e s  where b o t h  c o m p r e s s i b i l i t y  and g r a v i t a t i o n a l  e f f e c t s  must b e  s c a l e d .  For  Froude number 

- must be s a t i s f i e d ,  t h e  lower t u n n e l  speed f o r  a g iven  Mach number r e d u c e s  d i r e c t l y  a l l  p e r t i n e n t  

The u s e  of 
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s i m i l a r i t y .  a n  approx ima te ly  1 / 5 - s c a l e  model is r e q u i r e d .  An a d d i t i o n a l  b e n e f i t  i s  t h a t ,  f o r  a give18 
model s i z e ,  test c o n d i t i o n s  of e q u a l  Mach number and s t a g n a t i o n  p r e s s u r e  produce a Reynolds number i n  
Freon-12 approx ima te ly  t h r e e  t i m e s  t h a t  i n  a i r .  F i n a l l y ,  s i n c e  t h e  power r e q u i r e d  to o p e r a t e  a wind 
t u n n e l  a t  a g i v e n  Mach number v a r i e s  d i r e c t l y  as t h e  cube o f  t h e  v e l o c i t y ,  t h e  u s e  of Freon-12 Offers  a 
c o n s i d e r a b l e  s a v i n g s  i n  power. 

The P r i n c i p a l  u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e  u s e  of Freon-12 a s  a t e s t  medium i s  t h e  f a c t  t h a t  i ts  
s p e c i f i c  h e a t  r a t i o  y is n o t  t h e  same as f o r  a i r  (1.13 as compared w i t h  1 .4  f o r  a i r ) ,  s o  t h a t  q u a n t i t a -  
t i v e  d i f f e r e n c e s  e x i s t  between t h e  c o m p r e s s i b i l i t y  r e l a t i o n s  f o r  a i r  and Freon. There have been numerous 
s t u d i e s  of t h e  d e g r e e  t o  which d a t a  ob ta ined  from t e s t s  i n  Freon-12 can  b e  u t i l i z e d  t o  p r e d i c t  f low cha r -  
a c t e r i s t i c s ,  s t r u c t u r a l  r e s p o n s e ,  o r  s t a b i l i t y  i n  a i r  (Refs .  2-5). For example,  i n  Refe rences  2 arid 1, 
t h e  s i g n i f i c a n c e  of t h i s  d i f f e r e n c e  i n  g a s  c h a r a c t e r i s t i r s  on s t a t i c  aerodynamic c o e f f i c i e n t s  bas :.turlic:d 
e x t e n s i v e l y ,  and means f o r  c o n v e r t i n g  Freon-12 d a t a  t o  e q u i v a l e n t  a i r  v a l u e s  were e v a l u a t e d .  These s t u d i c s  
i n d i c a t e d  t h a t  a t  s u b s o n i c  and low s u p e r s o n i c  Mach numbers t h e  r e q u i r e d  c o r r e c t i o n s  were sma l l  and t h d L  
t h e  d i f f e r e n c e  between t h e  conve r t ed  r e s u l t s  by two c o r r e c t i o n  methods,  t h e  " t r a n s o n i c  s i m i l a r i t y  t u l e "  and 
t h e  " s t r e a m l i n e  s i m i l a r i t y  r u l e , "  were q u i t e  small. Re fe rence  5 r e p o r t s  t h e  r e s u l t s  of a n  experimd.ntal  
subson ic  and t r a n s o n i c  f l u t t e r  i n v e s t i g a t i o n  of a 65" swept-back wing planform t h a t  w a s  t e s t e d  i n  a i r  m d  
i n  Freon-I2 i n  t h e  Langley Transon ic  Dynamics Tunnel.  Comparisons of d a t a  i n  a i r  and i n  Freon-12 Lndi- 
cd ted  t h a t .  for subson ic  and t r a n s o n i c  Mach numbers, t h e  f l u t t e r  speed ob ta ined  i n  Freon-12 ma). b e  inter-  
p r e t e d  d i r e c t l y  as f l u t t e r  speed i n  a i r  a t  t h e  same mass r a t i o  and Mach number. Without t h e  F reon- lZ /a i r  
c o r r e c t i o n s ,  t h e  Freon-12 d a t a  would r e s u l t  i n  a s l l g h t l y  c o n s e r v a t i v e  estimate o f  t h e  f l u t t e r  spe1:d. 

Although o n e  migh t  i n f e r  f r o m t h e s e  f l u t t e r  d a t s  comparisons t h a t  t h e  e f f e c t  of d i f f e r e n t  r a t i o s  of  
s p e c i f i c  h e a t  f o r  a i r  and Freon-12 are i n s i g n i f i c a n t  f o r  uns t eady  aerodynamic f o r c e s  up  t o  low s u p r r s o n i c  
speeds ,  t h e  e f f e c t  on d e t a i l e d  uns t eady  p r e s s u r e  d i s t r i b u t i o n s  h a s  o n l y  r e c e n t l y  been demonstrated a n a l y t -  
i c a l l y .  
o n  an  NACA 64A006 a i r f o i l  i n  a i r  and i n  Freon-12. The a i r f o i l  is o s c i l l a t i n g  i n  p i t c h  abou t  t h e  midchord 
aL a low reduced f r equency  (k * 0.06); t h e  Mach number is 0.9.  Small  o s c i l l a t i o n s  abou t  a nonuniform 
mean f low f i e l d  were cons ide red  i n  t h e  c a l c u l a t i o n  which y i e l d s  a l i n e a r  p o t e n t i a l  f l ow equa t ion  w i t h  
v a r i a b l e  c o e f f i c i e n t s  t h a t  depend on t h e  s t e a d y  f low f i e l d  (Ref .  6 ) .  The s t a t i c  p r e s s u r e  c o e f f i c i m t  
C and t h e  ampl i tude  and phase  a n g l e  of t h e  o s c i l l a t i n g  p r e s s u r e ,  IAC I and @ ,  r e s p e c t i v e l y ,  a r c  shown 
it: F i g u r e  2 a s  a f u n c t i o n  of chordwise  l o c a t i o n .  The r a p i d  change i n  !he s t e a d y  p r e s s u r e  c o e f i i c i m t  

C p  The p r i n c i p a l  d i f f e r e n c e  between t h e  Freon-12 dnd a i r  
d a t a  is s e e n  co be t h e  l o c a t i o n s  of t h e  peak uns t eady  p r e s s u r e s  [AC I and t h e  v a l u e s  of t h e  phase  a n g l e  
$ i n  t h e  v i c i n i t y  of t h e  shock.  
s e v e r e  for th ree -d imens iona l  t h a n  two-dimensional f low.  t h e  e f f e c t s  of y on th ree -d imens iona l  c o n f i g u r a -  
t i o n s  may be c o r r e s p o n d i n g l y  m i l d e r  t h a n  t h o s e  i n d i c a t e d  h e r e .  
e v a l u a t e  t h e s e  e f f e c t s  i n  u n s t e a d y  f low.  

F i g u r e  2 p r e s e n t s  some r e s u l t s  of a f i n i t e - d i f f e r e n c e  c a l c u l a t i o n  of t h e  p r e s s u r e  d i s t r i b u t i o n  

n e a r  t h e  65% chord l o c a t i o n  i n d i c a t e s  a shock.  

Inasmuch as shock waves and r e l a t e i  t r a n s o n i c  e f f e c t s  tend t o  h e  less 

A d d i t i o n a l  s t u d y  is needed t o  f u r t h e r  

An expe r imen ta l  s t u d y  t h a t  w i l l  p a r t i a l l y  f u l f : . l l  t h i s  need is planned f o r  t h e  n e a r  f u t u r e .  The stt ldy 
w i l l  i n v o l v e  t h e  measurement of uns t eady  p r e s s u r e  d i s t r i b u t i o n s  on a c ropped- t ip  d e l t a  wing o s c i l l a t i i i g  
i n  a p i t c h i n g  and a f l a p p i n g  mode i n  a i r  and i n  Freon-12 a t  comparable  Reynolds numbers through t h e  Lrari- 
s o n i c  speed range.  
T h i s  s t u d y  shou ld  p r o v i d e  needed expe r imen ta l  d a t a  llor e v a l u a t i n g  advanced t r a n s o n i c  unsteady -1erodynanic 
t h e o r i e s  and f o r  e v a l u a t i n g  t h e  uns t eady  f low c h a r a c t e r i s t i c s  of a i r  and Freon-12. 

The model w i l l  a l s o  have o s c i 1 l ; l t i n g  l e a d i n g -  and t r a i l i n g - e d g e  c o n t r o l  s u r f a c e s .  

WIND-TUNNEL/FLIGHT COMPARISONS 

T h i s  s e c t i o n  of t h e  paper  p r e s e n t s  s e l e c t e d  exinnples shov ing  comparisons of r e s u l t s  ob ta ined  i n  t h .  
I n  a l l  c a s e s  Freon-12 w a s  used as a t e s t  mddium, 

Thc 
Langley Transon ic  Dynamics Tunnel and i n  f l i g h t  t e s ' c s .  
and t h e  models were dynamica l ly  and a e r o e l a s t i c a l l y  s c a l e d  t o  s u i t a b l y  match f u l l - s c a l e  c o n d i t i o n s .  
f o l l o w i n g  t o p i c s  a r e  covered h e r e i n :  

1. Gust r e s p o n s e  
2. B u f f e t  r e s p o n s e  
3 .  S t a b i l i t y  d e r i v a t i v e  e x t r a c t i o n  
4 .  F l u t t e r  
5. Ac t ive  c o n t r o l  of a e r o e l a s t i c  e f f e c t s  

__ Gust Response 

The r e sponse  o f  an  a i r c r a f t  t o  a tmosphe r i c  t u r b u l e n c e  i s  an  impor t an t  d e s i g n  c o n s i d e r a t i o n  from t h e  
s t a n d p o i n t  of l o a d s ,  s t r u c t u r a l  f a t i g u e ,  and r i d e  q l i a l i t y .  The need f o r  an  expe r imen ta l  c a p a b i l i t y  to r  
t h e  s t u d y  of a i r p l a n e  r e s p o n s e  t o  g u s t  l o a d s  l e d  to t h e  development  of a t e c h n i q u e  f o r  g e n e r a t i n g  s inu -  
s o i d a l  g u s t s  i n  t h e  test s e c t i o n  of t h e  T r a n s o n i c  Dynamics Tunnel ,  T h i s  t echn ique ,  d e s c r i b e d  i n  Refvr- 
ence 7 ,  i n v o l v e s  measuring t h e  r e s p o n s e  of an  a e r o e l a s t i c a l l y  s c a l e d  model i n  s imula t ed  f r e e  f l i g h t  t o  i i  

s i n u s o i d a l  v e r t i c a l  g u s t  f i e l d  g e n e r a t e d  by o s c i l l a t i n g  v a n e s  l o c a t e d  upstream of t h e  test s e c t i o n .  

Some key f e a t u r e s  of t h e  system a r e  i l l u s t r a t e d  i n  F i g u r e  3. 
t unne l  test s e c t i o n  by a two-cable mount sys t em,  which allows l a t e r a l  and v e r t i c a l  t r a n s l a t i o r ,  of t h e  
model a s  w e l l  a s  a n g u l a r  r o t a t i o n s  about  a l l  t h r e e  a x e s  (Ref .  8 ) .  

The model is suspended i n  t h e  wind- 

The airstream o s c i l l a t o r  c o n s i s t s  of two sets of b i p l a n e  vanes  mounted on each side of t h e  ttst-sn'\'L L I 1 I I  

en t r ance .  
up t o  20 h e r t z .  
s e c t i o n ,  induce a v e r t i c a l  v e l o c i t y  component i n  t h e  f l o w  f i e l d  n e a r  t h e  c e n t e r  o f  t h e  test s e c t i o n .  

The vanes  are o s c i l l a t e d  s i n u s o i d a l l y  i n  p i t c h  a b o u t '  a z e r o  mean a n g l e  of a t t a c k  aL f r e q u e n c i e s  
T r a i l i n g  v o r t i c e s  from t h e  v a n e  t i p s ,  p a s s i n g  downstream n e a r  t h e  s i d e w a l l s  of t h e  t e s t  

A t y p i c a l  v a r i a t i o n  of t h e  v e r t i c a l  g u s t  f l o w  a n g l e  w i t h  f r equency  and l a t e r a l  d i s t a n c e  from t h e  
c e n t e r  of t h e  test s e c t i o n  i s  shown i n  F i g u r e  6 i n  t h e  form of a th ree -d imens iona l  p l o t .  
g u s t  a n g l e  d e c r e a s e s  r a p i d l y  w i t h  i n c r e a s i n g  f r equency ,  and t h e r e  are v a r i a t i o n s  i n  t h e  f low a n g l e  a c r o 6 s  
the  t unne l .  

Note t h a t  t h e  
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I n i t i a l  a n a l y t i c a l  and e x p e r i m e n t a l  s t u d i e s  i n  Refe rences  1 and 7 i n d i c a t e d  t h e  f e a s i b i l i t y  Of t h e  
airstream o s c i l l a t o r  t echn ique .  
f l i g h t / a n a l y s i s  s t u d y  w a s  unde r t aken  i n  l a t e  1960 u s i n g  t h e  B-52E a i r c r a f t  as t h e  test a r t i c l e .  

On t h e  b a s i s  o f  t h e s e  encourag ing  s i g n s ,  a compara t ive  wind-tunnel  / 

The wind-tunnel  program invo lved  a 1/30-size dynamical ly  s c a l e d  a e r o e l a s t i c  model of t h e  8-52E 
(F ig .  5). 
s a r y  t o  u s e  a v a r i a t i o n  of t h e  two-cable mount sys t em shown i n  F i g u r e  3. I n  t h i s  c a s e ,  t h e  c a b l e s  were 
pinned t o  t h e  model a t  a p o i n t  n e a r  t h e  c e n t e r  of g r a v i t y  and t h e  p u l l e y s  were mounted a t  the t u n n e l  w a l l  
r a t h e r  t han  w i t h i n  t h e  c o n t o u r s  of t h e  m o d e l  f u s e l a g e .  T h i s  mount c o n f i g u r a t i o n  has  a v e r y  Iow r o t a t i o n a l  
s t i f f n e s s  i n  p i t c h  and p rov ides  a d e q u a t e  s i m u l a t i o n  of t h e  sho r t -pe r iod  f r e e - f l i g h t  mode. 

I n  o r d e r  t o  a c h i e v e  r e a s o n a b l e  s i m u l a t i o n  of t h e  sho r t -pe r iod  mode on t h e  model i t  was ncces-  

F i g u r e  6 shows a sample of some unpubl ished r e s u l t s  ob ta ined  by L. T. Redd and J .  Cilman, J r . ,  of  
NASA Langley Research Center .  
a t  t h e  midwingspan p e r  d e g r e e  of s i n u s o i d a l  v e r t i c a l  g u s t  a n g l e  a r e  shown f o r  t h r e e  c a s e s :  (1) v ind-  
tunnel-model t e s t s  u s i n g  t h e  airstream o s c i l l a t o r ,  (2)  a n a l y t i c a l  p r e d i c t i o n s  f o r  t h e  cable-mounted model, 
and ( 3 )  f l i g h t  tests u s i n g  s p e c t r a l  measurements of a tmosphe r i c  t u r b u l e n c e  and t h e  a s s o c i a t e d  r e sponse  of 
t h e  a i r p l a n e .  These d a t a  were produced w i t h  t h e  a i d  of ?he  Boeing Company, Wichi ta  D i v i s i o n ,  under c o n t r a c t  
in a c o o p e r a t i v e  program by NASA Langley Research Cen te r  and t h e  U . S .  A i r  F o r c e  F l i g h t  Dynamics L a t o r a t o r y .  

Frequency r e s p o n s e  p l o t s  of a nondimensional  c o e f f i c i e n t  of bending moment 

With r e f e r e n c e  to F i g u r e  6 ,  i t  shou ld  be noted t h a t  a t  ve ry  l o w  reduced f r e q u e n c i e s  (k  = 0.01, where 
k is t h e  reduced f r equency  based on  t h e  mean aerodynamic semichord) ,  t h e  model r e sponse  i s  a f f e c t e d  by a 
mount system mode and t h e  a i r p l a n e  r e sponse  by s p u r i o u s  p i lo t - induced  motions;  a t  h i g h e r  reduced f r e q u e n c i e s  
(k = 0 .14) ,  t h e  l o w  g u s t  i n p u t  l e v e l  produced by t h e  a i r s t r e a m  o s c i l l a t o r  ( s e e  F i g . 4 )  l e a d s  t o  measurement 
i n a c c u r a c i e s .  The o v e r a l l  c o r r e l a t i o n s  between wind-tunr.el, f l i g h t ,  and a n a l y t i c a l  p r e d i c t i o n s  appea r  t o  
he good, however. and i n d i c a t e  t h e  airstream o s c i l l a t o r  t o  be a u s e f u l  and v a l i d  wind-tunnel  t echn ique  f o r  
a i r p l a n e  g u s t  l o a d s  r e s e a r c h .  ( I n  t h e  o r a l  v e r s i o n  of t t x  paper  a movie c l i p  was used t o  i l l u s t r a t r  gust 
r e sponse  of t h e  model and t h e  a i r p l a n e . ) .  

h i f f e t  Response . _-. - -. 

When b u f f e t  r e s p o n s e  and load  p r e d i c t i o n s  of complete  a i r c r a f t  a r e  r e q u i r e d .  a dynamical ly  s c a l e d  
a e r o e l a s t i c  model test would seem to  o f f e r  t h e  b e s t  hopes of o b t a i n i n g  s u i t a b l e  d a t a .  S i n c e  v i s c o u s  f low 
phenomena, i n c l u d i n g  boundary-layet  s e p a r a t i o n ,  are in f lbnnced  i n  v a r y i n g  d e g r e e s  by t h e  v a l u e  of t l ie 
Reynolds number, t h i s  pa rame te r  would appea r  t o  be somewhat more s i g n i f i c a n t  f o r  b u f f e t  s t u d i e s  than  f o r  
f l u t t e r  t e s t s .  Although t h e  l o c a t i o n s  of l o c a l  shocks and commencement of l o c a l  s e p a r a t e d  f l o w  m a y  be 
Revnolds number dependent  i n  v a r y i n g  d e g r e e s ,  depending on t h e  p a r t i c u l a r  aerodynamic c o n f i g u r a t i o n ,  t h e r e  
is some e x p e r i m e n t a l  ev idence  t o  s u g g e s t  t h a t  t h e  i n t e g r a l e d  e f f e c t s  on t h e  s t r u c t u r a l  r e sponse  and even 
on t o t a l  l i f t  may b e  small r e l a t i v e  t o  o t h e r  f a c t o r s  a f f e c t i n g  t h e  accu racy  of b u f f e t  l o a d s .  The acro- 
e l a s t i c  model approach  f o r  p r e d i c t i n g  b u f f e t  l o a d s  has  been eva lua ted  i n  Refe rence  9 by comparing t h e  
normal f o r c e  c o e f f i c i e n t s  and t h e  s c a l e d  b u f f e t  bending moments and a c c e l e r a t i o n s  measured on a 1 / 8 - - s c a l e  
f l u t t e r  model of a va r i ab le - sweep  f i g h t e r  a i r p l a n e  w i t h  t h o s e  measured i n  a f l i g h t - b u f f e t - r e s e a r c h  program 
(Ref .  10). The model was "flown" on t h e  b a s i c  cable-mount system d e s c r i b e d  earlier w i t h  a l i f t  ba l anc ing  
J r v i c e  (see F ig .  3 and Ref. 9) which c o u n t e r a c t e d  t h e  l i f t  i n  excess  of t h e  m o d e l  we igh t ,  t h u s  a l lowing  
t h e  model t o  be f lown under  c o n d i t i o n s  s i m u l a t i n g  h i g h  load f a c t o r s  ( n e g l e c t i n g  i n e r t i a  and p i t c h - l a t e  
e f f e c t s ,  of c o u r s e ) .  

F i g u r e  7 compares t h e  model and f u l l - s c a l e  v a r i a t i o n  of normal f o r c e  c o e f f i c i e n t ,  CN. w i t h  a n g l e  of 
a t t a c k  w e l l  beyond t h e  b u f f e t  boundary f o r  t h r e e  a n g l e s  of sweep. The model CN w a s  ob ta ined  from a load 
c e l l  on t h e  l i f t  b a l a n c i n g  c a b l e ,  whereas t h e  a i r p l a n e  CN w a s  ob ta ined  from a n  a c c e l e r o m e t e r  loCaLed 
nea r  t h e  c e n t e r  of g r a v i t y .  The model Reynolds number r ange  was from 0.87 t o  1 . 3 3  m i l l i o n  compared t o  
f l i g h t  v a l u e s  o f  20 t o  28 m i l l i o n .  The Mach numbers i n d i c a t e d  a r e  m o d e l  v a l u e s .  The a i r p l a n e  Mach number 
v a r i e d  from s l i g h t l y  above t h e  model v a l u e  of t h e  s t a r t  of t h e  maneuver t o  s l i g h t l y  below t h e  model v a l u e  
a c  t h e  end of t h e  maneuver (h igh  a n g l e  of a t t a c k ) .  The v a r i a n c e  w a s  l a r g e r  a t  t h e  h ighe r  s w e e p  a n g l e s .  
The model and a i r p l a n e  v a l u e s  o f  CN are Seen t o  a g r e e  r easonab ly  w e l l .  

F i g u r e  8 compares t h e  a i r p l a n e  b u f f e t  r e sponse  w i t h  model-predicted v a l u e s  of wing and h o r i z o n t a l - t a i l  
rms bending moiients and r m s  a c c e l e r a t i o n s  a t  t h e  c e n t e r  o f  g r a v i t y .  The d a t a  are t y p i c a l  i n  t h a t  l h e  f u l l -  
s c a l e - b u f f e t  bending moments on t h e  wing and h o r i z o n t a l  t a i l s .  and t h e  cen te r -o f -g rav i ty  b u f f e t  a c c a l e r a -  
t i o n s  p r e d i c t e d  from t h e  model d a t a ,  ag reed  w e l l  w i t h  a i r p l a n e  v a l u e s  a t  a l l  Mach numbers a t  a wini: sweep 
a n g l e  of 26'. 
a l l  Mach numbers t e s t e d  f o r  t h e  wing bending moments, but: t h e  c o r r e l a t i o n  of t h e  model and a i r p l a n i :  c e n t e r -  
o f - g r a v i t y  a c c e l e r a t i o n s  and h o r i z o n t a l - t a i l  bending moments was no t  s o  good a t  t h e  h ighe r  Mach numhers. 
A t  72' sweep, b o t h  t h e  a i r p l a n e  and model r e s p o n s e w e r e l w ,  which made e v a l u a t i o n  of t h e  t echn ique  d i f f i c u l t .  

S t a b i l i t y  D e r i v a t i v e  E x t r a c t i o n  From Cable-Mounted Wind-Tunnel Model T e s t s  

Though no t  shown h e r e ,  a t  a wing sweep a n g l e  of 50' t h e  agreement  was r e a s o n a b l y  good a t  

P rocedures  f o r  d e t e r m i n i n g  a i r p l a n e  s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s  from f l i g h t - t e s t  measuruments 
have been under  development s i n c e  t h e  e a r l y  d a y s  of a v i a i i o n .  I n  r e c e n t  y e a r s ,  however,  a u idesp r~!ad  
s u r g e  o f  i n t e r e s t  i n  t h i s  area has  been t r i g g e r e d  by t h e  a v a i l a b i l i t y  of h i g h l y  automated d a t a  a c q l i i s i t i o n  
systems and advances i n  o p t i m a l  e s t i m a t i o n  theo ry .  The c u r r e n t  s t a t u s  and p r o s p e c t s  for t h e  f u t u r e  of t h i s  
technology wers t o p i c s  of a r e c e n t  s p e c i a l i s t  meet ing on methods of pa rame te r  i d e n t i f i c a t i o n  i n  a i r c r a f t  
f l i g h t  t e s t i n g  (Ref.  1 1 ) .  

P a r a l l e l i n g  t h i s  Cocus on f l i g h t - t e s t i n g  t echn iques  is a n  i n t e r e s t  i n  a p p l y i n g  similar p rocedures  f o r  
t h e  e x t r a c t i o n  of s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s  from " f r ee - f ly ing"  wind-tunnel  models.  
i n d i c a t i o n s  from t h e o r e t i c a l  s t u d i e s  and companion wind-tunnel expe r imen t s  a r e  encouraging.  The proposed 
p rocedure  i n v o l v e s  measuring t h e  r e s p o n s e  o f  a cable-mounted model t o  known i n p u t  d i s t u r b a n c e s  such  as 
c o n t r o l - s u r f a c e  d e f l e c t i o n s  or e x t e r n a l  f o r c e s  a p p l i e d  through t h e  suspens ion  c a b l e s .  
d e r i v a t i v e s  are t h e n  e x t r a c t e d  from e q u a t i o n s  of motion f o r  t h e  model and t h e  suspens ion  System u s i n g  a 
maximum-likelihood-parameter e s t i m a t i o n  a l g o r i t h m  (based on Ref.  12) which is b e i n g  developed unde r  con- 
t r a c t  by NASA Langley Research Cen te r .  
r o l l ,  yaw, v e r t i c a l  t r a n s l a t i o n ,  and la teral  t r a n s l a t i o n )  wherein t h e  model i s  t r e a t e d  as a n  e q u i v a l e n t  

P r e l i m i n a r y  

The s t a b i l i t y  

The e q u a t i o n s  of motion r e p r e s e n t  f i v e  d e g r e e s  of freedom ( p i t c h ,  
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r i g i d  body. The d e r i v e d  aerodynamic d e r i v a t i v e s  t h e r e f o r e  r e p r e s e n t  q u a s i - s t a t i c  e l a s t i c  d e r i v a t i v e s .  
k f o r m a t i o n  e f f e c t s  a s s o c i a t e d  w i t h  g r a v i t y  f o r c e s  are n e g l e c t e d .  However, by u s e  of t h e  l i f t  b a l a n c e  
mentioned e a r l i e r ,  h igh-angle-of-at tack n o n l i n e a r  aerod:mamic c o e f f i c i e n t s  may b e  de t e rmined .  

The p rocedures  d e s c r i b e d  above are. i n  t h e o r y ,  capab le  of deducing t h e  aerodynamic c o e f f i c i e n t s  
a s s o c i a t e d  w i t h  whatever  mot ions  of t h e  model a r e  e x c i t e d  by t h e  known e x t e r n a l  d i s t u r b a n c e s .  Numerical  
expe r imen t s  u s i n g  s i m u l a t e d  "noisy" wind-tunnel  d a t a  show promise t h a t  most aerodynamic d e r i v a t i v e s  can  b r  
determined w i t h  a c c e p t a b l e  accu racy .  F u r t h e r  assessmen:  of t h e  method w i l l  be made i n  upcoming wird-  
runne l  model t e s t s .  I n  a p r e v i o u s  s t u d y  a s i m p l i f i e d  v e r s i o n  of such a t echn ique  was a p p l i e d  t o  d e t e r m i n e  
r o l l - c o n t r o l  e f f e c t i v e n e s s  f o r  a cable-mounted a e r o e l a s l i c  model (Refs.  1 and 1 3 ) .  The t echn ique  and some 
i : m p a r i s o n s  between wind-tunnel  and f l i g h t  r e s u l t s  a r e  summarized below. 

l l i e  approach i s  based on t h e  assumption t h a t  t h e  dyr,amic r e sponse  of a cable-mounted model to sii iu- 
s o i d a l  a i l e r o n  d e f l e c t i o n  can  b e  r e p r e s e n t e d  by a single-degree-of-freedom system i n  r o l l .  The r o l l  
i n e r t i a  of t h e  model,  t h e  s p r i n g  r e s t r a i n t  of t h e  mount system, and t h e  wind-tunnel test c o n d i t i o n s  arc 
assumed known; t h e  r o l l  damping c o e f f i c i e n t .  Ckp, and a:.leron e f f e c t i v e n e s s  c o e f f i c i e n t ,  C i f .  a re  t h e  

unknowns t o  be de t e rmined .  The ampl i tude  and phase  of t h e  mode l - ro l l  r e sponse  t o  a s i n u s o i d a l  a i l e r o n  
d e f l e c t i o n a r e m e a s u r e d  ove r  a r a n g e  of d i s c r e t e  f r e q u e n c i e s .  These measurements,  when s u b s t i t u t e d  i n t o  
c h e  e q u a t i o n  of motion,  produce a s e t  of redundant  a l g e b r a i c  e q u a t i o n s  which a r e  so lved  by a l e a s t - s q u a r e s  

C e p  and C ' . .  The r a t i o  of t h e s e  c o e f f i c i e n t s  i s  p rocedure  t o  g i v e  t h e  unknown aerodynamics d e r i v a t i v e s  

p r o p o r t i o n a l  t o  t h e  f r e e - f l i g h t  c o n t r o l  e f f e c t i v e n e s s  which i s  normally expres sed  i n  terms of t h e  wing- t ip  
h c l i x  a n g l e ,  pb/ZV; where p is r o l l  r a t e ;  b ,  wing span;  and V ,  a i r s p e e d .  
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A c o r p a r i s o n  of t h e  a i l e r o n  e f f e c t i v e n e s s  measured I n  f l i g h t  w i t h  wind-tunnel  model p r e d i c t i o n  is 
shown i n  F i g u r e  9. 
mudel d a t a  were o b t a i n e d  on a Mach-scaled a e r o e l a s t i c  mcdel used p r e v i o u s l y  i n  f l u t t e r  s t u d i e s .  S i n c e  t h e  
a i l e r o n s  become i n e f f e c t i v e  a s  t h e  a i l e r o n  r e v e r s a l  p o i r t  i s  approached.  r o l l  trim of t h e  model wah pro- 
vided mechan ica l ly  by d i f f e r e n t i a l  d e f l e c t i o n  of t h e  h o r i z o n t a l  r e a r  c a b l e s  a s  shown i n  F i g u r e  3 .  The 
m o d e l / f l i g h t  comparisons shown i n  F i g u r e  9 i n d i c a t e  t h a t  t h i s  r e l a t i v e l y  s imple  t e s t  t echn ique  can p rov ide  
s a t i s f a c t o r y  e s t i m a t e s  of n o t  o n l y  t h e  r e v e r s a l  boundar i e s ,  but  a l so  t h e  a i l e r o n  e t f e r t i v e n e s s  of I . h e  
a i r p l a n e  a s  a f u n c t i o n  of Mach number and dynamic p r e s s u r e .  

These r e s u l t s  a r e  f o r  a l a r g e  ca rgo  t r a n s p o r t  a i r c r a f t  a t  a Mach number of 0.7s. l h e  

T s a i l  E l e v a t o r  F l u t t e r  

During h i g h - a l t i t u d e  f l i g h t  t e s t s  of a l a r g e  ca rgo  t r a n s p o r t  a i r p l a n e ,  a f l u t t e r - c y p e  i n s t a b i l i t y  was 
encountered on t h e  h o r i z o n t a l  t a i l  s u r f a c e  o f  t h e  T-tail  empennage. The i n s t a b i l i t y  occur red  a t  a Mach 
number n e a r  0 .8  b u t  on ly  d u r i n g  maneuvering f l i g h t  when t h e  e l e v a t o r  was d e f l e c t e d  more than  abou t  8"  i n  
e i t h e r  d i r e c t i o n .  The problem was c h a r a c t e r i z e d  by a l i m i t e d  a m p l i t u d e  o s c i l l a t i o n  i n v o l v i n g  coup l ing  
hetween e l e v a t o r  r o t a t i o n  and s t a b i l i z e r  t o r s i o n  d t  a f r Jquency  of about  24 h e r t z .  (S ince  t h e  pheiionienou 
hdd t h e  earmarks of two t y p e s  of c o n t r o l  s u r f a c e  i n s t a b i l i t i e s  - f l u t t e r  and buzz - i t  has been r e f e r r e d  
t o  <is " f l u z z . " )  P r i o r  t o  t h e  i n c i d e n t ,  f l i g h t  f l u t t e r  t e s t s  and a n a l y s e s ,  which were f o r  sma l l  e l e v a t o r  
d e f l e c t i o n s ,  i n d i c a t e d  no f l u t t e r  problems w i t h i n  t h e  a i r p l a n e ' s  o p e r a t i n g  enve lope .  Suhsequent f l i g h t  
i n v e s t i g a t i o n s  of v a r i o u s  proposed s o l u t i o n s ,  such  a s  v o r t e x  g e n e r a t o r s ,  dampers ,  and e l e v a t o r  mass ba lance .  
led t o  t h e  s e l e c t i o n  of i n c r e a s e d  e l e v a t o r  mass ha lance  as t h e  most p romis ing  s o l u t i o n  ( R e f .  1 4 ) .  

Hecause t h e r e  was l i t t l e  or no in fo rma t ion  a v a i l a b l z  i n  t h e  l i t e r a t u r e  a t  t h a t  t ime on  i n s t a b i l i t i e s  
i n i t i a t e d  b y  l a r g e  c o n t r o l  s u r f a c e  d e f l e c t i o n s ,  a n  expe r imen ta l  s t u d y  was undertaken i n  t h e  Langler  T r a n -  
s n n i c  Dvnamics Tunnel  t o  f u r t h e r  e x p l o r e  t h e  phenomenon (Ref.  15). R e s u l t s  from t h e  s t u d y  a r e  sumni r i zcd  
i i i  F igu re  10. 
tests was reproduced i n  t h e  wind t u n n e l  a l t h o u g h  a t  h ighe r  p r e d i c t e d  speeds .  Whereas i n  f l i g h t ,  Cne i n s t d -  
l l i l i t v  occu r red  when t h e  e l e v a t o r  d e f l e c t i o n  exceeded 8" i n  e i t h e r  d i r e c t i o n ,  i t  occu r red  i n  t h e  v ind  tunnt!  
o n l y  when t h e  d e f l e c t i o n  exceeded 8 "  i n  one d i r e c t i o n ,  t n a t  is, t r a i l i n g  edge down. Thr  r eason  f o r  t h i s  
hvlidvior may have been due  t o  i n c r e a s e d  h e a r i n g  f r i c t i o n  in  t h e  model e l e v a t o r  a s s o c i a t e d  w i t h  hending of 
t h r  t a i l  undr r  s t a t i c  l o a d s .  F i n a l l y ,  i t  should be n o t e i  t h a t  t h e  e l e v a t o r  mass b a l a n c i n g  used ab  a s o l u -  
t i o n  t o  t h e  a i r p l a n e  f l u t t e r  prohlem a l s o  e l i m i n a t e d  f l u t t e r  on t h e  model.  

;?;gvr C o n t r o l  of A e r o e l a s t  i c  Ef f ec  t z  

I t  was found t h a t  t h e  b a s i c  i n s t a b i l i t y  phenomenon encountered on t h e  a i r p l a n e  i n  f l i g h t  

A r r i v e  c o n t r o l  system technology today is add ing  a iew dimension t o  a i r p l a n e  d e s i g n .  Through J p p l i c a -  
t i n n  of a c t i v e  c o n t r o l  c o n c e p t s ,  o r  what has  become k n o w  a s  CCV (Con t ro l  Configured V e h i c l e s ) ,  t h e  d e s i g n e r  
can r eap  such h e n e f i t s  as weight  s av ings .  performance improvements,  and b e t t e r  r i d e  q u a l i t y .  
a p p l i c a t i o n s  and a s s o c i a t e d  p o t e n t i a l  h e n e f i t s  a r e :  
and s m a l l e r  t a i l  s i z e ,  ( 2 )  g u s t  and maneuver l o a d  a l l e v i a t i o n  l e a d i n g  t o  i n c r e a s e d  f a t i g u e  l i f e  a n d / o r  
s r r u c t u r a l  weight  s a v i n g s ,  ( 3 )  r i d e  q u a l i t y  c o n t r o l  l e a d i n g  t o  improved crew and passenge r  comfor t ,  and 
( 4 )  f l u t t e r  s u p p r e s s i o n  l e a d i n g  t o  weight  s a v i n g s  o r  inc:rbased f l u t t e r  p l a c a r d  speeds .  A l l  of t h e  ahove 
have been demonstrated by a n a l y s i s .  wind-tunnel  tests, and f l i g h t  t e s t s  (Ref s .  16-17) .  Wind-tunnel!fligllt 
Comparisons f o r  two such a p p l i c a t i o n s  - f l u t t e r  s u p p r e s s i o n  and load  a l l e v i a t i o n  - w i l l  b e  d i s c u s s e d  i n  
[ h e  remaining s e c t i o n s  of t h e  pape r .  

A c t i v e  - F l u t t e r  Suppres s ion .  
U . S .  Air F o r r e  F l i g h t  Dynamics Labora to ry  i n i t i a t e d  a f l i g h t  program w i t h  The Boeing Company, Wicliica 
D i v i s i o n ,  to s t u d y  Con t ro l  Configured Veh ic l e  c o n c e p t s  u s i n g  t h e  B-52E a i r p l a n e  ( R e f .  1 8 ) .  I n c l u d e J  i n  
t h e  concep t s  s t u d i e d  by a n a l y s e s  and f l i g h t  tests w a s  a c t i v e  f l u t t e r  s u p p r e s s i o n  o r .  i n  o t h e r  words,  
f l u t t e r  mode c o n t r o l .  
program w a s  unde r t aken  j o i n t l y  by NASAlUSAF w i t h  c o n t r a c t  suppor t  by Boeing (Wich i t a )  (Ref .  1 9 ) .  The 
1 /30 - s i ze  dynamical ly  s c a l e d  a e r o e l a s t i c  model of t h e  B-52E. used  p r e v i o u s l y  i n  g u s t  r e s e a r c h  (F ig .  51, 
was modif ied t o  s i m u l a t e  t h e  a c t i v e  c o n t r o l  sys t ems  of t h e  CCV r e s e a r c h  a i r p l a n e .  Because of rile i ~ r c r e a s e d  
weight a s s o c i a t e d  wi th  t h e  m i n i a t u r e  e l e c t r o m e c h a n i c a l  c o n t r o l  system added t o  t h e  model,  t h e  model could 
not s i m u l a t e  t h e  mass s c a l i n g  f a c t o r  f o r  t h e  nominal-weipht CCV a i r p l a n e .  
comparing wind-tunnel and f l i g h t  r e s u l t s  s p e c i a l  heavy-wigh t  a i r p l a n e  c o n d i t i o n s  were flown which r e q u i r e d  
i n - f l i g h t  r e f u e l i n g .  Thus,  t h e  a i r p l a n e  vas a l t e r e d  t o  nidtch t h e  wind-tunnel  model. 

Four such 
(1) reduced s t a t i r  s t a b i l i t y  l e a d i n g  t o  dec reased  d rag  

To demons t r a t e  t h e  f e a s i b i l i t y  of v a r i o u s  a c t i v e  c o n t r u l  c o n c e p t s ,  t h e  

I n  p a r a l l e l  w i t h  t h e  CCV f l i g h t  prilgram, a companion wind-tunnel-model r e s e a r c h  

T h e r e f o r e ,  f o r  t h e  purpose of 
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The w i n g - f l u t t e r  mode c o n t r o l  on t h e  model,  l i k e  t h e  a i r p l a n e ,  i nvo lved  f l a p e r o n s  and outboard 
a i l e r o n s .  These s i g n a l s  were s e n t  from t h e  
model t o  a r emote ly  l o c a t e d ,  gene ra l -pu rpose  ana log  computer on which t h e  c o n t r o l  laws were s imula t ed  and 
t h e n  back a g a i n  t o  t h e  model as c o n t r o l  s u r f a c e  command s i g n a l s .  Some sample r e s u l t s  f rom t h i s  s t u d y  
( t a k e n  from Ref .  19) are p r e s e n t e d  i n  F i g u r e  11 which shows t h e  e f f e c t  of t h e  f l u t t e r  mode c o n t r o l  system 
on t h e  s u b c r i t i c a l  damping measured i n  t h e  wind t u n n e l  and i n  f l i g h t .  Note t h a t  t h e  f l u t t e r  speeJ  of  t h e  
model is w i t i n  8% of t h e  f l u t t e r  speed of t h e  a i r p l a n e ;  damping t r e n d s  below t h e  f l u t t e r  speed a r z  s i m i l a r  
but  t h e  damping of t h e  model is h i g h e r  than  f o r  t h e  a i r p l a n e .  I n  view of t h e  h igh  d e g r e e  of complexi ty  
involved i n  t h e  wind-tunnel  model s i m u l a t i o n ,  t h i s  agreement  is cons ide red  t o  be q u i t e  good.  In  f a c t ,  tlie 
wind-tunnel  model results a g r e e  more c l o s e l y  wi th  f l i g h t - t e s t  d a t a  than  do  c a l c u l a t i o n s  ( n o t  shown). 

V i b r a t o r y  mot ions  of t h e  wing were sensed  by a c c e l e r o m e t e r s .  

T h i s  f l i g h t  v a l i d a t i o n  of wind-tunnel  model ing of a c t i v e  c o n t r o l  systems t h u s  t e n d s  t o  e s t a b l i s h  t h e  
t echn ique  a s  a n  economical ,  t ime ly  means of v e r i f y i n g  t h e  performance of C o n t r o l  Conf igu red  Veh ic l e s  of  
t h e  f u t u r e .  

A c t i v e  Load A l l e v i a t i o n .  Another a p p l i c a t i o n  of a c t i v e  c o n t r o l s  has  been developed f o r  t h e  C-5A 
a i r p l a n e  a s  a means of r educ ing  wing f a t i g u e  damage due  t o  inc remen ta l  maneuver and gus t - load  s o u r c e s .  
T h i s  sys t em,  d e s i g n a t e d  t h e  A c t i v e  L i f t  D i s t r i b u t i o n  Con t ro l  System (ALDCS), i s  d e s c r i b e d  i n  d e t a i l  i n  
Refe rence  20. B a s i c a l l y ,  t h e  ALDCS u s e s  a c c e l e r o m e t e r s  l o c a t e d  i n  t h e  o u t e r  wing t o  p r o v i d e  c o n t r o l  su r -  
f a c e  command s i g n a l s ,  through t h e  a i r p l a n e  s t a b i l i t y  augmentat ion system, t o  s e r v o  a c t u a t o r s  on t h e  a i l e r o n s  
and e l e v a t o r s .  The a i l e r o n s  a r e  d e f l e c t e d  to r e d i s t r i b u t e  t h e  a i r  l o a d s  on t h e  wing so as t o  r educe  
inboard-wing s t r e s s e s  whereas  t h e  e l e v a t o r s  a r e  d e f l e c t e d  t o  m a i n t a i n  t r i m .  
system a r e  t o  r educe  t h e  inc remen ta l  wing r o o t  hending mcment by 30% wi thou t  s i g n i f i c a n t l y  o f f e c t i c g  t h e  
performance,  f l u t t e r  marg ins ,  or h a n d l i n g  q u a l i t i e s  of t h e  C-5A. 

S p e c i f i c  d e s i g n  g o a l s  f o r  t h e  

A s  p a r t  oE t h e  ALDCS development program, a wind-tur,nel s t u d y  of a 1 / 2 2 - s i z e  dynamica l ly  s c a l e d  dero-  
e l a s t i c  model equipped w i t h  proposed a c t i v e  c o n t r o l  system w a s  unde r t aken  i n  t h e  Langley Transon ic  Dynamics 
Tunnel .  The pu rpose  of t h i s  program, which was a j o i n t  e f f c r t  of t h e  USAF, Lockheed Georgia  Company, and 
the Langley Research C e n t e r ,  was to g a i n  added c o n f i d e n c e  i n  t h e  ALDCS and t o  e v a l u a t e  i t s  p o s s i b l e  e f i r c t  
on f l u t t e r  b e f o r e  undergoing f l i g h t  tes ts .  The model i s  shown i n  F i g u r e  12 .  Un l ike  t l ie a c t i v e  r o n t r n l  
system on t h e  8-52 model d e s c r i b e d  e a r l i e r ,  t h e  C-5A model c o n t r o l  system w a s  powered by an  onboard 
h y d r a u l i c  system. The dynamic r e s p o n s e  c h a r a c t e r i s t i c s  ( g a i n  and phase l a g )  o f  t h i s  sys t em matched t h o s e  
of t h e  a i r p l a n e  up t o  f r e q u e n c i e s  of 35 h e r t z  on t h e  model. 

The wind-tunnel  model program inc luded  a number o f  f a c e t s ,  o n e  be ing  t o  e v a l u a t e  t h e  e f f e c t i v e n e s s  of 
t h e  ALDCS by measuring t h e  wing bending-moment r e s p o n s e  t o  s i n u s o i d a l  a i l e r o n  f r equency  sweeps.  S i m i l a r  
measurements were o b t a i n e d  i n  f l i g h t  f o r  comparable  c o n d i t i o n s .  Some t y p i c a l  r e s u l t s  from wind-tunnel  and 
f l i g h t  t e s t s  a r e  p r e s e n t e d  in F i g u r e  13.  T h i s  f i g u r e  shows t h e  v a r i a t i o n  wi th  a i l e r o n  f r equencv  of t h e  
wing r o o t  hending moment normalized t o  t h e  maximum bending moment w i t h  ALDCS o f f  which o c c u r s  a t  ahout  
1 h e r t z .  t h e  wing fundamental  bending frequency.  The o v e r a l l  t r e n d s  f c r  t h e  a i r p l a n e  and t h e  model a r e  
s i m i l a r ;  however, t h e  a i r p l a n e  sys t em is a p p a r e n t l y  more e f f e c t i v e  than  w a s  p r e d i c t e d  by t h e  model.  The 
cause  of t h i s  d i f f e r e n c e  could be a s s o c i a t e d  wi th  t h e  f a c t  t h a t  t h e  a i l e r o n  c o n t r o l  e f f e c t i v e n e s s  measured 
s r a r i c a l l y  on t h e  model was on ly  abou t  two-thirds  of t h a t  measured on t h e  a i r p l a n e .  (The a i l e r o n s  were 
s e a l e d  on t h e  a i r p l a n e  bur n o t  on t h e  model.)  

A second d i f f e r e n c e  t o  be noted is t h e  peak on t h e  model r e sponse  a t  approx ima te ly  1 / 2  h e r t z  ( s c a l e d  
t o  a i r p l a n e )  wirh t h e  ALDCS on. T h i s  is b e l i e v e d  t o  be due  t o  c o u p l i n g  between t h e  a c t i v e  c o n t r o l  system 
and t h e  model mount system. S i m i l a r  coup l ing  e f f e c t s  hage been observed i n  t e s t  of t h e  8-52 modGI wi th  a 
s imula t ed  a c t i v e - r i d e - c o n t r o l  system. Here,  t h e  f eedback  g a i n s  of t h e  r i d e - c o n t r o l  system tiad c r  he  

reduced i n  o r d e r  t o  avoid an  i n s t a b i l i t y  a r i s i n g  from t h e  c o n t r o l  system c o u p l i n g  wi th  mount system modes. 
Thus,  improvements i n  model mount systems a re  needed t o  pe rmi t  more a c c u r a t e  s i m u l a t i o n  of a c c i v e  c o n t r o l  
sysrems des igned  to  modify t h e  a i r p l a n e  r ig id -body  dynamics.  

( I n  t h e  o r a l  v e r s i o n  of t h e  paper  a movie c l i p  was used t o  show sme e f f e c t s  of a c t i v e  c o n t r o l s  on  
a p r o e l a s t i c  r e sponse  of t h e  8-52 and C-5A i n  f l i g h t  and of models i n  t h e  wind t u n n e l . )  

CONCLUDING REMARKS 

T h i s  pape r  has  a t t empted  t o  assess t h e  v a l i d i t y  of p r e d i c t i o n s  oh ta ined  from dynamica l ly  s c a l e d  aero-  
e l a s t i c  models i n  t h e  Langley Transon ic  Dynamics Tunnel using Freon-12 as a test medium. To t h i s  end wind- 
tunne l  and f l i g h t - t e s t  r e s u l t s  p e r t a i n i n g  t o  v a r i o u s  a e r o e l a s t i c  problem a r e a s  were brought  t o g e t h e r  i n  one 
p l a c e  f o r  compara t ive  e v a l u a t i o n s .  These a r e a s  i n c l u d e  g u s t  and b u f f e t  r e s p o n s e ,  c o n t r o l  s u r f a c e  e f f c c t i v e -  
n e s s ,  f l u t t e r  and a c t i v e  c o n t r o l  o f  a e r o e l a s t i c  e f f e c t s .  Some b e n e f i t s  and shor t comings  of Freon-12 ds a 
t e s t  medium were a l s o  d i s c u s s e d .  

Although some u n c e r t a i n t i e s  remain,  and t h e r e  is t h e  c o n t i n u i n g  need f o r  improvements i n  s i m u l a t i o n  
and t e s t i n g  t echn iques .  t h e  r e s u l t s  p re sen ted  h e r e i n  i n d i c a t e  t h a t  t h e  p r e d i c t i o n s  from wind-tunnel  s t u d i e s  
a r e ,  i n  g e n e r a l ,  s u b s t a n t i a t e d  by f u l l - s c a l e  f l i g h t  measurements.  During t h e  15-year  pe r iod  s i w r  t h e  
Langley Transon ic  Dynamics Tunnel w a s  put  i n t o  o p e r a t i o n .  a e r o e l a s t i c  s t u d i e s  i n  t h i s  f a c i l i t y  have pru- 
vided a h i g h l y  e f f e c t i v e  means of g a i n i n g  i n s i g h t  i n t o  new phenomena, v e r i f y i n g  a n a l y t i c a l  methods and 
e s t a b l i s h i n g  f l i g h t  s a f e t y  - e s p e c i a l l y  in t h e  impor t an t  t r a n s o n i c  r ange  where p r e s e n t  a n a l y t i c a l  metl ,ods 
a r e  u s u a l l y  inadequa te .  

F i n a l l y ,  i t  shou ld  be noted t h a t  w i th  t h e  e x i s t i n g  c a p a b i l i t i e s  of t h e  Langlev Trai lsonic  Dyiianics Tun- 
n e l ,  i t  i s  o f t e n  d i f f i c u l t  t o  f a b r i c a t e  models l i g h t  enough t o  s a t i s f y  mass s c a l i n g  r equ i r emen t s  for cu r ren t  
a i r c r a f t  d e s i g n s .  For f u t u r e  d e s i g n s ,  embodying composi te  s t r u c t u r e s  and a c t i v e  c o n t r o l  sys t ems ,  t h i s  
d i f f i c u l t y  i s  l i k e l y  t o  be compounded many f o l d .  To h e l p  a l l e v i a t e  t h e s e  emerging problems,  p l ann ing  is 
underway t o  i n c r e a s e ,  by 50%. t h e  maximum power and t h u s  t h e  maximum s t a g n a t i o n  p r e s s u r e  of t h e  Langley 
Transon ic  Dynamics Tunnel. 
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TABLE X. COMPARISON OF SELECTED A I R  AND FWOW-12 PROPERTIES 

. 

AT ATMOSPHERIC RKBSSURP, ANa TEHPXRATURE 

Property Freon-Y.2 A i f  Freor\-iZ/air 

0.807 1.13 1.4 S p e c i f i c  heat, Y 

Figure 4. Typical  variation of gust f i o w  ang le  
with reduced frequency and lateral puairfnn for  
- +6' oscillating vane angle ,  
c = 0 .233  n.) 

{V = 35.9 c / s e c  s ~ Z  

c 

osciIlacing a 

Figure 3 .  Some eeroelestic made1 testing foaturaii 
i n  the Langley Transonic Dynamics Tunnel. 
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Frequency r e sponse  of B-52 from f l i g h t  F i g u r e  6. 
t e s t s  and wind-tunnel  model tests using g u s t  
g e n e r a t i n g  vanes.  
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Figure  7 .  Comparison of model a n d  a i r p l a n e  CN 
v a r i a t i o n  w i t h  a n g l e  of a t t a c k  (Ref .  9). 
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Figure  8. Comparison of b u f f e t  r e sponse  from a i r -  
p l ane  and model tests normalized t o  a i r p l a n e  
d e s i g n  l o a d s ;  M = 0.76;  26" wing sweep (Ref. 9 ) .  

- ILIGHI D A l A  

\ 
I 1 ' A+- 

im ZM MO 4(10 xa m ;W 
0- 

DYNAMIC PRtSSURt 

Figure  9. Comparison of f l l g h t  measuren,ent\ .ind 
model-predicted a i l e r o n  e f f e c t i v e n e s s  (Ref .  I ) .  

--<+be 

,MODEL FLUTTER 

"KEAS 
knots 

A I R P L A N E  FLUTTtR 

Or . 2  .4 .6 .E 1.0 
I 1 I I 

MACH NUMBER 

F igu re  10. Comparison of flight measuremrntr 3!1d 

model-predicted f l u t t e r  of 'P-tail w i t h  c,rf!ri .ct,;  
e l e v a t o r  (Ref .  1 5 ) .  
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F i g u r e  11. E f f e c t  of f l u t t e r  mode c o n t r o l  8)strrn 
on damping of 8-52 CCV model and s i r p l d n e  
(Ref.  19). 
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